Introduction
Carbamazepine (CBZ) is one of the most widely prescribed antiepileptic drugs for the treatment of partial and generalized tonic-clonic seizures [1, 2] . It can be used alone or in association with other drugs in the treatment of epilepsy [3] [4] [5] [6] .
The main metabolic pathway is catalyzed by CYP3A4, which is the most important cytochrome P450 enzyme that is intensely expressed in the liver [1, 7] . Its major metabolite is an active epoxide: carbamazepine-10,11-epoxide (CBZ-E) [8] [9] [10] . The metabolite is fully converted by epoxide-hydrolase (EPHX1) to carbamazepine-10,11-diol, which is excreted in the urine in a free or a conjugated form [11] . These enzymes may constitute modulating factors of metabolic profiles of CBZ and can be implicated in the control of the therapeutic efficacy and toxicity of the CBZ [12] [13] [14] [15] .
In practice, therapeutic efficacy of CBZ is obtained with varying dosages. For some patients, "seizure free" is ensured by low doses. For others, even high doses may be insufficient. The therapeutic efficacy of CBZ is not easily controlled due to the difficulty to unify the prescribed dose and/ or necessary plasma concentration of CBZ to improve therapeutic efficacy. Indeed, the prescribed dose and the plasma concentration of CBZ that are necessary to achieve the effective therapeutic dose are highly variable from one patient to another in epileptic patients. In this study, we proposed to determine pharmacokinetic parameters that could be used as plasma markers that may individually adjust the dose of CBZ necessary to optimize the efficiency of therapy.
Material and methods

Subjects
Ninety-four patients with epileptic disease (34 patients with symptomatic epilepsy disease and 60 patients with cryptogenic epilepsy disease) were recruited for this study. These patients were composed of 40 men and 54 women with a mean age of 38.26 years. The ages ranged from 14 to 80 years, and the patients were recruited from the Neurology Department of Central Hospital University (CHU), Sousse, Tunisia for 14 months between February 2010 and April 2011. Most of the patients suffered from focal seizures with or without secondary generalization (50 patients, 53.19%), whereas the rest of the patients suffered from generalized tonic-clonic seizures (44 patients, 46.80%).
This study was approved by the local ethical committee. Informed consent was obtained from each study participant. The physical characteristics of the patients are given in Table I .
All the patients in this study were chronically treated with CBZ, and they did not take any other associated treatment to obtain optimal autoinduction by CBZ and to consider the steady state achieved in all patients. Patients were on carbamazepine for 8.16 months on average (range: 1-36 months). They were monitored for epilepsy for three years on average. Periodic clinical monitoring was performed every three months. As recommended, we performed a complete blood count and liver function test before initiation of treatment. These two tests were performed once a week for the first month of treatment and periodically thereafter [16] . No significant abnormalities were noted in hematological analysis. There were histories of stroke in 12 cases (receiving acetylsalicylic acid 125 to 250 mg/day or DL-lysine acetylsalicylate 100 to 250 mg/day). Intravenous alteplase was not administered in any case because of the delay in consulting or the contraindications. Also, there was trauma in 5 cases (without any medication). In trauma patients and in the case of stroke, the first seizure had occurred at least 10 months later. Patients had not suffered from sequelar headache. Prescribing analgesics was not justified. Cerebral magnetic resonance imaging (MRI) showed malformations of cortical development and tumor in 10 and 3 cases, respectively. Moreover, during our study, no neurological adverse effects (ataxia, diplopia) were observed. However, two major side effects were observed: skin lesions in 2 patients and benign digestive disorders in 11 cases. Ten patients suffered from a transient increase in gamma GT.
Method
All patients systematically had one blood sample taken before inclusion for analysis of CBZ plasma concentration. We included only patients with two closely spaced values. The samples were taken at 8:00 am before the morning dose. The plasma samples were analyzed with high-performance liquid chromatography in the Metabolic Biophysics, Professional Toxicology, and Applied Environmental Laboratory, Department of Biophysics, Medicine Faculty of Sousse, Sousse, Tunisia. The determination of the plasma levels of CBZ and CBZ-E in human plasma was conducted using previously described high-performance liquid chromatography (HPLC)-based assays [17] .
Statistical analysis
The Pearson correlation statistical test was used to study the possible relationship between pharma- 
Results
Periodic clinical monitoring allowed the monitoring of the treatment efficacy through the number of seizures recorded annually in each patient, and it was also used as the criterion for assessing the therapeutic efficacy as recommended by the International League Against Epilepsy (ILAE) [18] .
Relationship between daily dosage and annual number of seizures
One of the parameters pertaining to the specific dosage (mg/kg/day) of CBZ was assessed. Considering only patients who developed seizures, the specific dosage as shown in Figure 1 was not significantly correlated with the annual number of crises (r = 0.0025, p = 0.30).
Furthermore, the mean carbamazepine specific doses in patients who did not develop seizures and in patients who developed seizures were evaluated as 8.06 ±3.03 mg/kg/day and 8.55 ±3.78 mg/kg/day, respectively. The recorded difference was not statistically significant (p = 0.08) ( Figure 2) . It thus appears that the specific dose of CBZ is not a parameter for predicting therapeutic efficacy as assessed by the number of annual seizures that occurred. Choosing this dosage depends on variable empirical data that vary from one patient to another.
Relationship between carbamazepine plasma concentration and annual number of seizure
To study the role of carbamazepine plasma concentration as a parameter that could potentially predict the therapeutic efficacy of CBZ in epileptic patients, we correlated this with the annual number of seizures that occurred. Figure 3 shows the total absence of such a correlation (r = 0.1584, p = 0.38).
A comparison of mean values of carbamazepine plasma concentration in patients with and without seizures (6.74 ±2.52 μg/ml and 5.69 ±2.94 μg/ml, respectively) showed a non-significant difference (p = 0.07) ( Figure 4 ). Our results thus show that the carbamazepine plasma con- Relationship between 10,11-epoxidecarbamazepine plasma concentration and annual number of seizures
In contrast to the carbamazepine plasma concentration, the plasma concentration of CBZ-E was found to be significantly correlated with the annual number of seizures (r = 0.34, p = 0.03) using polynomial regression ( Figure 5 ).
According to these results, the optimal therapeutic efficacy corresponding to the minimum number of seizures was recorded when the plasma concentration of CBZ-E was around 0.8 μg/ml. It thus appears that the plasma concentration of CBZ-E could be a marker of therapeutic response. Taking into account that CBZ-E appears as a more suitable marker than CBZ in predicting the therapeutic efficacy, it could be at least partially due to its more polar character than CBZ, and therefore it is less bound to plasma proteins.
Relationship between metabolic ratio CBZ-E/CBZ and annual number of seizures
One of the parameters that could influence the therapeutic efficacy is one related to the enzymatic activity of CYP3A4 responsible for the bulk of the metabolic pathways of CBZ. The metabolic index reflecting such activity can be represented by the ratio of CBZ-E/CBZ. Figure 6 shows that it is well correlated with the number of annual seizures (r = 0.45, p = 0.008) using polynomial regression.
The optimal efficiency obtained for a value of the metabolic ratio of CBZ-E/CBZ is around 15%.
Discussion
The therapeutic efficacy in epileptic patients chronically treated with CBZ was evaluated through the number of annual seizures that occurred in each patient. This therapeutic efficacy may depend on several factors. The pharmacokinetic factor could be one of the parameters likely to intervene in the interindividual variability.
This study aimed to examine the impact of metabolic factors such as plasma concentrations of CBZ and CBZ-E and the metabolic ratio CBZ-E/ CBZ on the clinical response evaluated as the number of annual seizures occurring in each epileptic patient.
In this regard, our data failed to show a significant correlation between CBZ dosage and measurement of plasma CBZ concentration and the therapeutic effects evaluated by the annual number of seizures. On the other hand, our results are in partial agreement with the published data [19] . Johannessen et al. confirmed that in case of long-term treatment, important interindividual differences in plasma protein binding may be observed [19] . It could be an important determinant of drug efficacy.
Our results showed a significant association between plasma 10,11-epoxide-carbamazepine concentration and clinical response to treatment as evaluated by the annual numbers of seizures. This result is consistent with those obtained by several authors, in which the importance of the contribution of the active metabolite CBZ-E to therapeutic efficacy was reported [20] [21] [22] . Moreover, a more significant correlation was also found between CBZ-E to CBZ metabolic ratio and the response to treatment as evaluated by the annual numbers of seizures. This result is consistent with the results obtained by Fagiolino et al., which showed that to achieve a good response, the ratio should be between 12% and 18% [8] .
Thus, our results suggest that plasma 10,11-epoxide-carbamazepine level and CBZ-E-to-CBZ ratio must be simultaneously considered to predict the therapeutic effect. The simultaneous increases of both plasma 10,11-epoxide-carbamazepine level and CBZ-E-to-CBZ ratio appear as a factor that significantly contributes to the increase of the therapeutic efficacy of CBZ in epileptic patients. By simultaneously considering the two conditions found necessary to achieve a better therapeutic efficacy, plasma carbamazepine concentration should take into account the values of plasma concentration of CBZ-E (0.8 μg/ml) and of the metabolic ratio CBZ-E/CBZ (0.15), and it should thus be around 5.5 μg/ml.
A carbamazepine plasma concentration of 5.5 μg/ml, and plasma concentration of CBZ-E of 0.8 μg/ml constitute the values that must be achieved in epilepsy patients treated with CBZ, regardless of the patient considered. To the best of our knowledge, this is the first study to show that both parameters must be simultaneously set to achieve the optimum efficacy of CBZ.
It thus appears that the therapeutic efficacy of CBZ evaluated through the number of seizures that was recorded depends not only on the plasma carbamazepine concentration but also on the metabolite concentration of CBZ-E. Our results show that the plasma carbamazepine and CBZ-E concentrations should be simultaneously set to the respective values of 5.5 mg/ml (r = 0.1584, p = 0.38) and 0.8 mg/ml (r = 0.34, p = 0.03) to achieve the optimal therapeutic effect in all patients.
In a previous study, a similar result was found in a group of patients with bipolar disorder who were treated with CBZ [17] . As evaluated by the Brief Psychiatric Rating Scale (BPRS) score, the optimal therapeutic efficacy was found when the plasma concentrations of CBZ and CBZ-E were simultaneously set at 7 μg/ml (r = 0.28, p = 0.19) and 1.4 μg/ml (r = 0.78, p = 0.0001), respectively [17] . In this case, the values obtained in the previous study are more meaningful than those obtained in our study. This difference between the two diseases could be explained by the instrument used to evaluate therapeutic efficacy. In the case of bipolar diseases, the authors used the BPRS score, which constitutes an objective and accurate parameter. However, in this study, the therapeutic efficacy was evaluated through the number of seizures over a relatively long period that was reported by the patient and/or his informants.
The differences found between each of the values to be set may reflect the relative difficulty in the assessment of therapeutic efficacy in epilepsy compared with a more accurate assessment of therapeutic efficacy in patients with bipolar disorder. Based on these results, the parameter values to be set found in the case of epilepsy are less precise, and therefore it would be better to consider intervals of values for each parameter.
Thus, after at least one month of CBZ chronic treatment, CBZ-E plasma concentration should be maintained below 0.8 μg/ml. Considering that CBZ-E/CBZ pre-dose plasma concentration ratios are normally between 0.10 μg/ml and 0.40 μg/ml, an updated therapeutic range for CBZ plasma levels might be proposed as from 2 μg/ml to 8 μg/ml. To achieve the previous pharmacokinetic conditions necessary for obtaining the optimal therapeutic efficacy in epileptic patients treated with CBZ, we proposed a methodology using a protocol with several successive stages whose final objective would be to individually set the carbamazepine and the metabolite CBZ-E plasma concentrations to the values found previously. The daily dose of carbamazepine administered to the patient would be progressively increased until a carbamazepine plasma concentration that is equal to 5.5 μg/ml is obtained. The determination of the plasma concentration of CBZ-E is then achieved by HPLC according to the proposed method. We can then modulate the plasma concentration of CBZ-E found through the action of epoxide hydrolase, which is involved in the biotransformation of CBZ-E into carbamazepine-10,11-diol [23] . It comes to associate effectors of the epoxide hydrolase. This should be an inhibitor drug such as valproic acid when the plasma concentration of CBZ-E is lower than sought (0.8 μg/ml). On the other hand, it should be an inducer drug of epoxide hydrolase such as phenobarbital when the plasma concentration of CBZ-E is higher than the desired value.
It is important to mention that the treatment of epilepsy with CBZ is sometimes associated with valproic acid (VPA) or phenobarbital (PB). It has been reported that such an association leads to an improvement in the therapeutic efficacy of CBZ [24] . Thus, two anti-epileptic drugs may have antagonistic actions as they may expose the patient to additive side effects [6, 25] . The ideal combination must demonstrate a pharmacological synergy defined by an improvement in the efficiency with similar toxicity, similar efficacy with reduced toxicity, or ideally improved efficiency with reduced toxicity [26] . It is guaranteed, especially, if the mechanism of action is different [27] . Thus, carbamazepine, phenobarbital, and phenytoin (PHT) are potent enzyme inducers as they are able to increase the level of cytochrome P450 activity. Concomitant inducer drugs may increase metabolism of the co-administered drug and possibly cause a loss of therapeutic efficacy. The extent of enzyme induction is dose-dependent and could be beneficial, especially if these drugs induce the same P450 isoenzymes. When PB, PHT, and CBZ are co-administered with either VPA, lamotrigine (LTG), topiramate (TPM), or tiagabine (TGB), they induce an increase in the metabolism of these drugs and a subsequent reduction in their halflives. For example, the plasma concentration of VPA was reduced by 76% when co-administered with PB, by 49% with PHT, and by 66% with CBZ [28] . It may be necessary to increase the dosage of anti-epileptic drugs (AED) assigned to maintain clinical efficacy of the combination therapy. In some patients with epilepsy and psychiatric disorders (e.g., depression), it may be necessary to co-administer psychotropic drugs and AED. Drug interactions between these two classes of agents focus on cytochrome P450 enzymes. For example, the enzyme-inducing AED PB, PHT, and CBZ raise metabolism of tricyclic antidepressants (TCAs) including nortriptyline, imipramine, nomifensine, and trazodone; and tricyclic antidepressants inhibit the metabolism of some anti-epileptic drugs [29] . The result is a reduction in the plasma concentration of tricyclic antidepressants, with an increase in plasma concentrations of co-administered AED. For example, fluoxetine (Prozac) inhibits the enzymes CYP3A4, CYP2D6, and CYP2C19, which may result in an increase in the plasma concentrations of CBZ and PHT. The monitoring of plasma concentrations of these drugs may be useful in preventing the adverse consequences of drug interactions [29] . Various factors must be considered during treatment, and it is important to try to identify people who may be sensitive to drug interactions before treatment is initiated. It is difficult to predict the extent of drug interactions due to the large interindividual variation between patients. This interindividual variation could be related to genetic polymorphism of isoenzymes involved in drug metabolism, particularly the enzyme CYP3A4, which is responsible for the conversion of CBZ in several metabolites. The most important one is 10,11-epoxy-carbamazepine (CBZ-E) [10] .
Another catabolic enzyme of CBZ is microsomal epoxide hydrolase, which catalyzes the hydrolysis reaction of CBZ-E into 10,11-dihydroxy-10,11-dihydrocarbamazepine (DiOH-CBZ) [3, 30] . The genes encoding CBZ-metabolizing enzymes are highly polymorphic. Over 40 single nucleotide polymorphisms (SNPs) in the CYP3A4 gene have been reported (http://www.imm.ki.se/CYPalleles). There are particularly certain allelic variants of CY-P3A4, such as CYP3A4*2, *4, *5, *6, *17, and *18, which cause a reduction or an increase in enzyme activity [12, 13] .
The SNP CYP3A4*1G g.20230G>A (rs2242480) is common in the Chinese population, with a high allele frequency of about 26.9% [31] [32] [33] . Several studies have demonstrated that the CYP3A4*1G variant affects metabolism of CYP3A4 substrates in vitro and in vivo [14, [34] [35] [36] [37] , indicating that the CYP3A4*1G polymorphism may affect CYP3A4 activity. Also, recent studies demonstrated that the CYP3A4*1B variant can influence drug metabolism [38] . The EPHX1 gene encoding the microsomal epoxide hydrolase (mEH) enzyme is also highly polymorphic. The two common variants c.337T>C (rs1051740) and c.416A>G (rs2234922) have been demonstrated to change the catalytic activity of mEH both in vitro and in vivo [39] [40] [41] [42] . Patients with the variant c.337T>C or c.416A>G allele tended to have higher CBZ doses or lower CBZ concentration-dose ratios (CDRs) [30, 43] . Moreover, according to the literature, EPHX1 c.337T>C polymorphisms may contribute to the risk of cutaneous disorders [15] .
Although this study did not focus on combination therapy in epileptic patients, if the co-administration of two drugs is necessary, the choice of the inhibitor or inducer drug should be guided by its action not only on CYP450 but especially on epoxide hydrolase. These considerations will be important if we intend to adjust the metabolic ratio.
Pharmacokinetics can lead to screening tests that would allow physicians to select the most appropriate treatment combinations for individual patients based on their genetic profiles. Doctors should be able to make more rational decisions about combination therapy with the maximum therapeutic benefit and minimal toxicity.
In conclusion, these preliminary results show that plasma CBZ-E and CBZ-E-to-CBZ ratio were successfully used to predict therapeutic efficacy among epileptic patients treated with CBZ. Our results show an interesting proof that CBZ-E has a risk bénéfit on chronic treatment of CBZ indicating the need to monitor plasma concentrations of CBZ-E. Thus, a new therapeutic strategy based on the simultaneous assessments of plasma CBZ and CBZ-E concentrations among epileptic patients treated with CBZ was proposed to adjust these parameters at values leading to the optimum efficacy.
However, due to the limited number of patients recruited in this study, these results should be viewed with caution, and more data are needed before any definitive conclusion can be drawn.
